The Co-Pd/SiO 2 and Co-Cu/SiO 2 catalysts were prepared via solvated metal atom impregnation (SMAI) method and investigated for the Fischer-Tropsch (F-T) synthesis. The catalysts contained 5wt.% Co and a weight ratio of Pd (or Cu) to Co of 1/30. XPS indicated that Co, Pd and Cu were in metallic state. The results of XPS and magnetic measurements showed that Co and Pd (Cu) were alloyed. The Co particles on the catalysts were very highly dispersed and they displayed superparamagnetic behavior. FT-IR indicated that the electrons shifted from Cu and Pd to Co. Catalytic tests showed that CO hydrogenation rates followed the order Pd-Co > Cu-Co > Co.
Introduction
Cobalt-based catalysts are well known to be effective in Fischer-Tropsch (F-T) synthesis [1] . A number of investigations have focused on the use of various metals as promoters for the cobalt-based catalysts in F-T synthesis [2] . These studies showed that different metals exhibit different influences on the cobalt-based catalysts. Zsoldos et al. [3] found that the presence of Pt favored the reduction of Al 2 O 3 -supported Co catalysts, the stabilization of Co ions on the Al 2 O 3 surface and the formation of oxygenates. Iglesia et al. [4] showed that incorporation of Ru in supported cobalt catalysts not only enhanced the reduction of cobalt oxide but also inhibited carbon deposition during F-T reaction. Schanke et al. [5] reported that the selectivity of Co-Pt catalyst with low Pt/Co ratio was not influenced by the addition of Pt, but the reducibility and dispersion were increased remarkably for Co/Al 2 O 3 catalysts. For SiO 2 -supported Co catalysts, the degree of reduction was not influenced by the presence of Pt and the dispersion slightly increased. Tsubaki et al. [6] studied the Co-Ru, Co-Pd and Co-Pt catalysts and found that CO hydrogenation rates followed the order Co-Ru > Co-Pd > Co-Pt > Co. The addition of a small amount of Ru to Co/SiO 2 catalyst significantly increased the catalytic activity and the degree of reduction.
Most of the Co/SiO 2 catalysts are prepared by the impregnation method [7, 8] . The average diameter of cobalt particle obtained after reduction of these precursors, however, is found to be larger than ca.10 nm. Furthermore, the distribution is generally wide.
In this study the authors have reported that the catalysts obtained from SMAI methods had higher degree of reduction and higher dispersion than those prepared by conventional impregnation and they had higher activity in F-T reaction, olefin hydrogenation and low-temperature CO oxidation [9, 10] . In order to obtain SiO 2 supported cobalt catalyst with higher degree of reduction, higher dispersion, narrower distribution and higher catalytic activity, the SMAI method was used to prepare Co/SiO 2 , Co-Pd/SiO 2 and Co-Cu/SiO 2 . The effects of the addition of Pd and Cu metals on the F-T synthesis properties of cobalt catalyst were examined in this study.
Experimental

Preparation of catalysts
The procedures for preparing Co/SiO 2 and Co-M/SiO 2 (M=Pd, Cu) catalysts by SMAI method are as follows (Scheme 1):
Scheme 1
The procedures for preparing Co/SiO 2 and Co-M/SiO 2 (M=Pd, Cu) catalysts by SMAI method.
The catalyst supports SiO 2 (specific surface area 160 m 2 g −1 ) was dehydroxylated at 600 K and evacuated overnight by conventional in high vacuum (1.333×10 −3 Pa).
Toluene, which was used as the solvating medium was carefully dehydrated and degassed by "freeze-thaw" process. The detailed SMAI procedures are similar to that of the reference [10] . The K-927500 stationary metal atom reactor employed for SMAI catalyst preparation is the product of Martin-Kontes Company, U.S.A. The design of the equipment has been described elsewhere [11] .
Catalyst characterization
The method used for hydrogen chemisorption was similar to that used by Reuel et al [12] . The total amount of chemisorbed H atoms was used to determine the number of Co 0 atoms at the surface using the relationship H/Cos=1. Magnetic measurements were performed using the Faraday method in an electromagnet (magnetic field up to 10 KOe). X-ray diffraction of the catalysts was performed on a D/MAX-A X-ray diffractometer instrument. Diffraction patterns were recorded with CuKα radiation. Transmission electron microscopy images were taken on a Phillips TEM 400ST instrument operated at 100 kV. The XPS (X-ray photoelectron spectroscopy) spectra were recorded on a PHI-5300 spectrometer using Al Kα radiation. The instrument was operated at pressure below 1 × 10 −7 Pa. Samples were mounted on the holder using double sided type, sample preparation and introduction into the spectrometer were performed under N 2 atmosphere. The Si 2p signal at 102.9 eV of SiO 2 support was used as internal reference for the determination of binding energies. The binding energy of the Si 2p line was determined by vacuum deposition of gold on SiO 2, with the reference of the binding energy of Au 4f 7/2 =83.8 eV.
FT-IR spectra were recorded on Nicolet V360 instrument. The sample wafer was placed into a slit of the hold in an IR cell. The cell was evacuated down to < 0.1333 Pa at room temperature and the CO was adsorbed on the catalysts for 30 min. before the FT-IR spectra were measured.
Catalytic test
The catalytic properties of the prepared catalysts were measured in a microreactor made of pyrex glass. A four-way sampling valve was attached to the pyrex reactor to handle the catalyst without contacting with air. About 300 mg of the catalyst was placed in the reactor and about 12 cm 3 /min flow of Ar was passed over the catalyst for 5 h at room temperature followed by reduction in 50 cm 3 /min flow of H 2 , the temperature was slowly raised to 100 • C and maintained constant for 3 h. Then the temperature was further raised to 200
• C and kept for 3 h. After this pretreatment, both 10 cm 3 /min flow of H 2 and 5 cm 3 /min flow of CO were passed through the catalyst bed at 230
• C for 48
hrs. The products were analyzed by a SP-502 gas chromatograph equipped with TCD (Thermal conductivity detector) and FID (Flame Ionization Detector).
Results and discussion
Characterization by H 2
Chemisorption, XPS, Magnetic measurements, XRD (X-ray diffraction), TEM (Transmission electron microscopy) and FT-IR (estimated based on the assumption Htot/Co 0 s = 1) and 100 percentage reduction (determined by XPS) were used to calculate the average Co metal particle size which is also listed in Table 2 for comparison with XRD and TEM results. Average crystallite diameters were calculated from percentage dispersion (D%) assuming a site density (s) of 14.6 atoms/cm 2 for supported cobalt crystallites. Thus d = 6.59 s/D%, where D% = 1.179
x/wf (x = total H 2 uptake in micromoles per gram of catalyst, w = weight percentage of cobalt, and f = fraction of cobalt reduced to the metal [12] ). The XP spectra for Co/SiO 2 , Co-Pd/SiO 2 , and Co-Cu/SiO 2 catalysts showed that the Co2p 3/2 peak shapes of the three catalysts are almost the same. The peak of Co2p 3/2 were all sharp and the lack of any shake-up satellite structure for Co2p 
where σ: specific magnetization at H and T σ s : specific magnetization at saturation H: applied magnetic field T: absolute temperature K: Boltzmann constant μ :magnetic moment of particle A superimposition of magnetization at different temperature for Co, Co-Pd and Co-Cu catalysts was observed by plotting σ/σs against H/T (see Fig. 2-4) .
As the cobalt magnetizations in Co-Pd, Co-Cu bimetallic catalysts were lower than that of the Co monometallic catalyst, we conclude that the decreased cobalt magnetic moment is due to Co-Pd or Co-Cu alloy cluster formation [13] .
The size of Co particles in the samples calculated from the results of magnetic measurements in high field (HF) and low field (LF) by equations (2) and (3), is listed in Table 1 . 
The formulas are derived from HF and LF approximation of Langevin equation, and d values correspond to diameters of metal particles as if they adopt a spherical shape [13] . The XRD spectra exhibited only the cobalt peaks. No peaks attributed to Pd or Cu were observed. The particle size calculated from XRD spectra by Scherrer's equation is also shown in Table 1 .
The TEM pictures of Co/SiO 2 , Co-Pd/SiO 2 and Co-Cu/SiO 2 are shown in Fig. 5 . All the catalyst samples were examined at a magnification of 100000 magnification. 336 particles for Co/SiO 2 , 315 particles for Co-Cu/SiO 2 and 301 particles for Co-Pd/SiO 2 were counted by using enlarged photographs at a magnification of 400000 magnification. For comparison with the magnetic measurement, a surface average diameter was calculated from the crystallite size distribution by using the following equation (4):
Where n i is the number of particles having a characteristic diameter d i (within a given diameter range). The average crystallite diameters calculated from crystallite size distributions are listed in Table 2 and compared with those from XRD, H 2 adsorption and magnetic measurements. We can see from Table 2 that the data resulting from three different methods are in good agreement with each other and the particle sizes for all catalysts are very small with diameter < 5.0 nm. Both Cu and Pd had a very positive influence on the cobalt metal particle size and dispersion.
The transmission FT-IR spectra of the adsorbed CO for the Co/SiO 2 , Co-Pd/SiO 2 and Co-Cu/SiO 2 catalysts are compared in Fig. 6 . For pure Co only catalyst, an intense peak at 2009 cm −1 with two shoulder peaks at 2058, 1937 cm −1 and a weak at 1808 cm −1 were measured. The 2009 cm −1 peak was assigned to linear CO adsorbed on metallic cobalt Co 0 [14] . The 2058 cm −1 shoulder peak was assigned to the surface carbonyl species Co(CO)x (where x > 1), and 1937 cm −1 shoulder peak was due to the bridge-type CO on Co sites [15] . The 1808 cm-1 weak was assigned to CO adsorbed on a multifold site. No peak at 2140-2190 cm −1 was absorbed, indicating no Co n+ (n=2, 3) species was respectively. Similarly, the peak at 2058 cm-1 derived from carbonyl species Co(CO) x and the peak at 1937 cm −1 from CO in the bridge model also shifted to 2055, 2056 cm −1 and 1946, 1948 cm −1 respectively. The peaks for the bridge-type CO had much more intensity than those for linear-type CO. The higher activity of Co-Pd/SiO 2 and CoCu/SiO 2 catalysts than that of Co/SiO 2 catalyst could be partly attributed the increase in bridge-type absorbed CO. From the viewpoint of particle size effect, the wave-number of linearly absorbed CO on Co-Pd/SiO 2 and Co-Cu/SiO 2 catalysts should appear at a frequency higher than 2009 cm −1 characteristic of the Co/SiO 2 catalyst since the metallic particle size is smaller than that of pure cobalt catalyst. This might be ascribed to the electron shift from Cu or Pd to Co. The increase of electron density might increase back donation from Co to CO 2π* orbital thereby weakening the C-O bond, which results in stronger bridged CO peak intensity on Co-Cu and Co-Pd. 
Catalytic properties
The primary results of Co/SiO 2 , Co-Pd/SiO 2 and Co-Cu/SiO 2 catalysts about turnover frequency (TOF based on the moles of CO converted) and hydrocarbon distribution for F-T reaction at 230
• and 1 atm pressure are shown in Fig. 7 and Fig. 8 , respectively.
From Fig. 7 we can see that the turnover frequency (catalytic activity) followed the order Co-Pd/SiO 2 > Co-Cu/SiO 2 > Co/SiO 2 . It could be explained by both the fact that the Co particle size of Co-Pd/SiO 2 is smaller than that of Co-Cu/SiO 2 which is smaller than that of Co/SiO 2 catalyst, and the fact that the band strength of bridge-type absorbed CO followed the order Co-Pd/SiO 2 > Co-Cu/SiO 2 > Co/SiO 2 as the bridge-type absorbed CO was easily dissociated to carbon and oxygen and much more active than linear-type absorbed CO. It is also because that copper or palladium retards the deactivation of Co caused by carbonization. The smaller particle size of Co-Pd/SiO 2 and Co-Cu/SiO 2 catalysts is also responsible for their reaching to the maximum F-T catalytic activity about 1 h faster than Co/SiO 2 catalyst. According to Fig. 8 , the catalyst promoted by Pd displayed lower C 1 selectivity than the catalyst promoted by Cu or Co only. The C 1 species selectivity decreased in the order of Co-Pd/SiO 2 > Co-Cu/SiO 2 > Co/SiO 2 . A higher selectivity of Co-Pd/SiO 2 catalyst for higher carbon number products is evident. The activity of cobalt catalysts in carbon monoxide hydrogenation usually decreases with time on stream. But it was found that the activity of our catalysts increases during the first hour of reaction, then drops steadily with time. This could be interpreted by the fact that there are some carbonaceous fragments incorporated into metals during catalyst preparation using solvated metal atom method [17] . It need a certain time for hydrogen to displace surface alkyl fragment by formation of the corresponding alkane and carbon dioxide. 
Conclusions
The Co-Pd/SiO 2 and Co-Cu/SiO 2 catalysts were prepared via solvated metal atom impregnation (SMAI) method and investigated for the Fischer-Tropsch (F-T) synthesis. The catalysts contained 5wt.% Co and the weight ratio of Pd (or Cu) to Co was 1/30. XPS indicated that Co, Pd and Cu were in metallic state. The results of XPS and magnetic measurements showed that Co and Pd (Cu) were alloyed. The Co particles on the catalysts were very highly dispersed and they displayed superparamagnetic behavior. FT-IR indicated that the electrons shifted from Cu and Pd to Co. Catalytic tests showed that CO hydrogenation rates followed the order Pd-Co > Cu-Co > Co.
